Arginine kinase belongs to the family of enzymes, including creatine kinase, that catalyze the buffering of ATP in cells with f luctuating energy requirements and that has been a paradigm for classical enzymological studies. The 1.86-Å resolution structure of its transition-state analog complex, reported here, reveals its active site and offers direct evidence for the importance of precise substrate alignment in the catalysis of bimolecular reactions, in contrast to the unimolecular reactions studied previously. In the transitionstate analog complex studied here, a nitrate mimics the planar ␥-phosphoryl during associative in-line transfer between ATP and arginine. The active site is unperturbed, and the reactants are not constrained covalently as in a bisubstrate complex, so it is possible to measure how precisely they are pre-aligned by the enzyme. Alignment is exquisite. Entropic effects may contribute to catalysis, but the lone-pair orbitals are also aligned close enough to their optimal trajectories for orbital steering to be a factor during nucleophilic attack. The structure suggests that polarization, strain toward the transition state, and acid-base catalysis also contribute, but, in contrast to unimolecular enzyme reactions, their role appears to be secondary to substrate alignment in this bimolecular reaction.
A combination of kinetic and structural studies over the last 30 years has given us an understanding of how enzymes can achieve their catalysis. Acid-base catalysis, enzyme-induced strain, or binding favoring the transition state have become textbook mechanisms (1), the result of extensive studies of mostly unimolecular (single substrate) enzymes. In bimolecular systems, the potential importance of entropic effects (2) (the alignment of substrates) is much greater. Basic questions such as the relative importance of entropic and other effects, and whether enzymes precisely align orbitals (3, 4) or merely guide substrates to the correct vicinity, remain open. Recently, the kinetic effects of distorting the geometry of the hydride transfer in isocitrate dedydrogenase (5) indicated that the donor-acceptor distance was not the only factor affecting kinetic rate. This finding was cited as affirmation of the importance of precise orientational alignment. Unfortunately, there have been no atomic structures that have shown directly how precisely multiple reactants are oriented relative to one another in an enzyme active site, prior to a multimolecular reaction.
Understanding of bimolecular reactions has lagged behind unimolecular reactions because of technical difficulties in direct visualization. In studies of bisubstrate transition-state analogues (6, 7) the reactants have been covalently linked to obtain a stable complex. The positions of the reactants are constrained by the covalent bond between them and offer only indirect insights regarding their alignment prior to the reaction. Other prior studies of substrate analogs or mutants with slow enough catalysis to be visualized usually have had active site or substrate stereochemistry that is at least slightly distorted, precluding comments about precise alignment (8) (9) (10) . What is required are systems that can be studied at high resolution, in which the changes required to make a stable complex that can be visualized have had minimal impact on substrate alignment. Here is reported the 1.86-Å structure of a phosphagen kinase dead-end transition-state analog complex in which a nitrogen substitutes for a phosphorus atom as a nitrate mimics the planar ␥-phosphoryl during an associative in-line transfer between ATP and the phosphoryl acceptor (11) (12) (13) . In such a case, the positions of the reactants in the system reported here are constrained only by natural interactions with the enzyme, offering an opportunity to measure how well substrates can be aligned as part of an enzyme mechanism.
Phosphagen (guanidino) kinases catalyze the reversible transfer of a phosphoryl group between ATP and an ''energy storage'' phosphagen such as creatine in the human enzymecreatine kinase (CK), or arginine for the enzyme (EC 2.7.3.3) studied here:
Arginine ϩ MgATP 2Ϫ .
It is through this buffering reaction that cells can support bursts of nerve or muscle activity that would otherwise drain ATP to levels that would not sustain other essential functions (14) . Phosphagen kinases have a mechanism that is one of the most thoroughly studied by classical methods (15) , but full understanding has been hindered through lack of an atomic structure. After many unsuccessful attempts, an Ϸ3-Å structure of the octameric mitochondrial CK [Mi b CK, (16) ] was determined, revealing a two-domain subunit structure. Although this work was very informative and critical to the success of the work reported here, it was not possible to come to firm conclusions about the catalytic mechanism because, in the absence of creatine, much of the active site was disordered. In fact, the structure initiated debate about aspects of the mechanism that had previously seemed settled. A histidine had been expected to act as an acid-base catalyst (17) , but none was close enough to the active site to be an obvious candidate (16) . Perhaps a conformational change is required for activity (16) , or alternatively, acid-base catalysis is not involved, and CK acts as a ''conzyme,'' achieving catalysis through (merely) bringing the substrates into close proximity (15) . These questions are settled by the arginine kinase (AK) structure reported here.
Differences were to be expected between the published structure of Mi b CK and that of the AK reported here. The enzymes share only Ϸ40% sequence identity, have different quaternary structures, have different cellular locations, and differ in that Mi b CK is membrane associated, but AK is not. Furthermore, the structures have been determined in different catalytic states. The Mi b CK structure was determined in the presence of the nucleotide, but not creatine. Slight differences between the structures of different subunits of the octamer, regions of disorder, and a comparison of the structure with spectroscopic data (18) suggested to the authors that it was the structure of a flexible inactive ''open'' form of the enzyme that had been determined (16) . This finding was consistent with evidence for a conformational change that occurs when all substrates have been bound to either AK or CK (19, 20) . By contrast, the AK was expected to be in the ''closed'' reactive conformation because it was crystallized in the presence of the complete set of transition-state analog components (21) .
This report focuses on the active site of AK. It examines whether the substrates are aligned precisely enough for entropy reduction (2) or orbital steering (3, 4) to be significant factors in the catalysis of this paradigm for bimolecular reactions. It also identifies the amino acids of the active site that might be critical to these and other aspects of catalysis.
METHODS
Diffraction Data Collection. AK from horseshoe crab (Limulus polyphemus) was cloned, expressed, complexed with analog components (ADP, nitrate, and arginine), as described (21, 22) . Diffraction data were collected with an R-Axis II image plate detector (Molecular Structure) and a rotating anode x-ray source for the previously reported crystals and a second crystal form crystallizing under identical conditions (Table 1) . Data used for an initial structure determination (native and two derivatives) were collected at about 298 K, whereas 1.86-Å data for refinement were collected at 100 K after serial transfer of crystals to a 25% glycerol cryoprotectant.
Phase Determination. Molecular replacement was attempted by superimposing a subunit of Mi b CK (16) onto the AK crystal by using the AMORE and X-PLOR implementations (23, 24) of the rotation and translation functions, and allowing the small and large domains to have independent orientations. Molecular replacement solutions that were consistent between the crystal forms were found for the large domain of an Mi b CK subunit, but not the small domain. Molecular replacement and multiple isomorphous replacement (MIR) phases were combined at 3-Å resolution and improved by intercrystal form averaging by using DMMulti (25) . The starting model was based on the Mi b CK large domain and the molecular replacement solution was marginal, having near-random agreement with the diffraction amplitudes (R ϭ 0). The starting map, based on poor phases, was of poor quality, enabling only parts of the AK sequence of the large domain to be modeled (26) , but the small domain was not yet visible. Some rigid-body improvement of the two-domain molecular replacement solution was possible with the remodeled large domain, but the model was outside the convergence radius of conventional atomic refinement with an R free (27) of 0.54. Local real-space refinement (28, 29) was critical in starting atomic refinement without overfitting the partial model and in bringing R free below 0.5, after which conventional refinement was possible. The model was improved through several iterations of rebuilding, refinement by a combination of real (28) and reciprocal (30) space methods, and map improvement. Maps were calculated by using phases calculated by Fourier-inversion of an omit-map (31) calculated from the latest model, combination with MIR phases, and improvement by averaging between crystal forms (25) .
Model, Refinement, and Quality. After completion of the protein model, refinement was extended to 1.86-Å resolution data by using the data collected at cryo-temperatures and reciprocal-space refinement. To be sure of avoiding bias, the transition-state components were modeled only late in refinement (R free ϭ 0.3) when the electron density was unambiguous. The entire protein is visible except for the N-terminal methionine that mass spectrometry indicates is present in about 50% of our sample. In addition to the protein, 298 ordered water molecules, MgADP Ϫ , and two nitrates were modeled. Refinement yielded R cryst ϭ 0.196 and R free ϭ 0.224 (27) for 2 data between 5-and 1.86-Å resolution and a cross-validated estimate of overall rms positional error (27) of 0.24 Å. This report discusses the alignment of nucleophiles' valence orbitals with neighboring nonbonded electrophiles. This result can be determined implicitly from the angles at a nucleophilic atom between its covalent bonds and the direction to the electrophile. The 0.24-Å overall estimate of error indicates that such This report also compares the consistency of the observed configuration of the analog components with a likely structure of the actual transition state that cannot be observed crystallographically. The transition-state structure, most consistent with the data for the analogs, was generated by least-squares refinement as follows: (i) the nitrate nitrogen was replaced with a phosphorus, (ii) additional phosphorus to O ␤ and N distance restraints were calculated according to the putative 20% covalent bond formation (32, 33) , (iii) bond angle restraints were added for the phosphorus and its neighbors as if the analog components were joined in one covalent complex, and (iv) the structure was refined against the supplemented stereochemical restraints for the actual transition state and the available diffraction data for the analog complex.
The observed analog structure is consistent with prior spectroscopic results. For example, the glycosidic ADP torsion angle (46°) is consistent with the 50 Ϯ 5°(34) determined by NMR, and the structure confirms octahedral coordination of the Mg 2ϩ with single ligands from oxygens of each of the ␣, ␤, and ␥ ATP (35, 36) phosphates.
RESULTS AND DISCUSSION
Overview of Structure, Similarities, and Differences with Mi b CK. As expected of 40% sequence identity, AK shares the same subunit topology as CK (16) . A small ␣-helical Nterminal domain is followed by a larger C-terminal domain (residues 112-357) that is similar to the C-terminal domain of glutamine synthetase (37, 38)-an 8-stranded antiparallel ␤-sheet is flanked by 7 ␣-helices (Fig. 1) . It was suggested that the ATP of the binary Mi b CK complex was not in the exact position required for catalysis (16) , and, indeed the ADP of the complete transition-state analog (TSA) complex is shifted an rms of 2.4 Å in AK relative to ATP in the binary CK complex. The bridging of the substrates between the two domains ( Fig.  1 ) and the 4-Å rms shift of the small domain [relative to the Mi b CK structure, (16) ] offers a molecular explanation for the substantial changes seen with X-ray solution scattering of both AK and CK upon addition of all (but not individual) TSA components (20) . Relative to the inactive open structure seen with Mi b CK, the closed active structure seen here shows substantial backbone changes (up to 15 Å) for active site residues, primarily in loops that were partially disordered in the Mi b CK structure (16) . Following the example of hexokinase (39) , generation of the active conformation by induced fit after binding of all substrates may prevent wasteful hydrolysis of ATP, should it bind in the absence of the guanidino phosphoryl acceptor.
Configuration of the Substrate Analog Components. Clear electron density (Fig. 2a) and the high resolution refinement (R free ϭ 0.22 for 5-to 1.86-Å resolution) allow detailed analysis of the active site. Studies of the reaction in small molecule models had previously suggested a preassociative concerted phosphoryl transfer. The transition state was thought to approximate a hybrid of a dissociated metaphosphate intermediate and a pentavalent ␥-phosphorus in which there is Ϸ20% simultaneous apical covalent bonding to the ␤-phosphoryl oxygen and guanidino nitrogen (32, 33) . Although there are no covalent bonds to constrain them, the positions and geometry of the substrate analog components are remarkably consistent with the presumptive transition state. For example, the observed distance between guanidino N and O ␤ through the analog nitrate is 5.9 Å compared with 6.0 Å expected of the transition state. Similarly, unlike the ␥-phosphoryl of either the substrate complex or the presumptive transition state, the position of the nitrate of the analog is not constrained by (partial) covalent bonding to the ␤ phosphoryl or guanidinium, yet is positioned nearly exactly where the ␥-phosphoryl would be expected (Fig. 2a) in the transition state. Such consistency, combined with the low B-factors of the substrate analogs that are one-half the average (Table 1) indicates that the enzyme has a role in restricting the freedom of the reactive groups and could bring an entropic component to catalysis (2) .
The dense network of interactions that hold the substrates in place is shown in Fig. 2 . It is a concentration of five conserved arginines and the bound Mg 2ϩ that hold the ATP phosphoryl groups in place. The arginines are conserved in all known phosphagen kinase sequences, except Drosophila in which residues 280 and 309 are leucine and alanine, respectively. Of the carboxylates that hold the substrate guanidinium in place, one (Glu-225) is completely conserved, and the other (Glu-314) is conserved, except in CK. With minor adjustment to prior sequence alignments (40) (41) (42) , Mi b CK Asp-321 can be aligned with AK Glu-314. Then CK would have a shorter carboxylate to compensate for the bulk of a methyl group at the N substrate position, compared with the other phosphagen kinases (arginine, lombricine, and glycocyamine) in which a glutamate interacts with the smaller hydrogen at the N position.
Substrate Alignment and Its Mechanistic Implications. Substrates are positioned not only in close proximity but with orbitals aligned close to optimally. Consistent with in-line transfer, the donor and acceptor atoms (ADP O ␤ , and guanidinyl N ) are positioned to form bonds within 0.2°of orthogonal to the phosphoryl (nitrate) plane. With respect to the guanidinyl N , the optimal direction for nucleophilic attack by its lone pair is at an angle of Ϸ110°to the N OC ␥ bond in a plane perpendicular to the guanidinium plane. The nitrate nitrogen, mimicking the P ␥ , is at 115°, close to ideal. For the reaction in the opposite direction, extended Hückel calculation of phosphate valence electron density suggests optimal direction of nucleophilic attack by the oxygen at an angle of 100°w ith respect to the P ␤ OO ␤ bond. The obser ved P ␤ OO ␤ ON(P ␥ ) angle is within 1°of optimal. Thus, for the reactions in both directions, the enzyme is steering the orbitals on trajectories within 5°of optimal, precision estimated to enhance catalysis by up to 10 5 (4).
Other Catalytic Effects. Supplementing entropic and orbital steering effects, strain toward the transition state and other effects may contribute to catalysis. Unlike the other guanadinyl nitrogens, the reactive N 2 does not hydrogen bond with (a) Stereo diagram comparing part of the experimental analog structure with omit-map electron density and the structure of the presumptive transition state (gray atoms). Small molecule model systems suggest a preassociative concerted phosphoryl transfer and a pentavalent ␥-phosphorus transition state with about 20% covalent bonding to both the ␤-phosphoryl oxygen and guanidino nitrogen (32, 33) . The transition-state coordinates were derived from the experimental coordinates by replacing the nitrate with a phosphoryl group, and refining with additional distance and angle restraints appropriate for the estimated 20% partial covalent bonding. (b-e) Details of the enzyme-substrate analog interactions: (b) ␣ and ␤ phosphoryl groups of the ADP are held in place by extensive hydrogen bonds͞salt bridges with four highly conserved arginines; (c) the nitrate (mimicking a planar phosphoryl group during transfer) is sandwiched between two conserved arginines and the Mg 2ϩ ion whose position is constrained by ligands from the ␣ and ␤ phosphoryl groups of the ADP; (d) the guanidinium of the substrate arginine is clamped with salt bridges͞hydrogen bonds to two carboxylates and a conserved cysteine that likely exists as a thiolate (54); and (e) interactions of the substrate amino and carboxylate groups with loop residues 63-68 of the enzyme. The carboxylate-to-backbone interactions might be conserved between all phosphagens and their kinases. The amino groups are present in arginine and lombricine but absent from creatine and glycocyamine. The tyrosine interacting with the amino group is conserved among AKs, but is a valine in all other phosphagen kinases. Immediately preceding residue 61 (and interactions with the carboxylate) is an insertion in other sequences whose size inversely correlates with the size of substrate (42).
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Biochemistry: Zhou et al. Proc. Natl. Acad. Sci. USA 95 (1998) hydrogen bond acceptor that is improved, not the hydrogen bond distance, on which the energy is more dependent. Acid-Base Catalysis? A histidine was long implicated in acid-base catalysis of phosphagen kinases (17, 45) and thought to assist in the abstraction of a proton from the N . With no histidines close to the presumed reactive site, Fritz-Wolf et al. (16) suggested that conformational changes from their Mi b CK structure would be required for activity, whereas Stroud (15) suggested that entropic effects alone might be sufficient for catalysis. The current structure resolves this enigma. One histidine, previously shown by mutagenesis to be important (46) in CK, forms a base-stacking interaction with the adenine. Nucleotide-binding appears to be the role for the important histidine not proton abstraction from the N , for which glutamates 225 and 314 are the only candidates (Fig. 2d) . Although an ionized carboxylate had been implicated in an undetermined role for CK (17) , one could be forgiven for not expecting a glutamate to act as a base, even though there is precedent in Staphylococcal nuclease (47, 48) . The counterintuitive role of a glutamate as a base, that we hypothesize here, can be rationalized at two levels: (i) acid-base catalysis may be secondary to the role of glutamate in positioning the guanidinium, and (ii) in the reactive state the pKs may be more optimally matched for isoergonic proton transfer (49) than between free glutamate and arginine. Proton elimination would have to occur as or after the N OP ␥ bond is formed, and the transitional N ϩ cation would be acidic. Also, the pKs of glutamates 225 and 314 are likely raised by the close proximity of the ␥-phosphate of ATP or arginine phosphate anion. Whether the proposed base is Glu-225 or Glu-314 is not indicated by the crystallographic structure.
As in several enzymes, such as Staphylococcal nuclease, positive charges (arginines 229 and 309 and Mg 2ϩ ) pull electrons toward the phosphate oxygens from the phosphorus, preparing it for nucleophilic attack in either direction of the reaction. Similarly the interactions of arginines 126 and 280 (Fig. 2b) with the ATP O3␤ appear to stabilize the partial charge on O3␤, after ATP hydrolysis in the forward reaction or in preparation for O3␤ nucleophilic attack on P ␥ in the reverse reaction.
The ''essential'' cysteine (271 in AK, 278 in Mi b CK) took its name from the observation that covalent modifications resulted in inactive enzyme (50) (51) (52) . The effect of gross modifications can be rationalized by the structure in terms of steric conflict with the substrate guanidinium. More subtle effects of conservative mutations (22, 53, 54) have led to several hypotheses that the cysteine may not be catalytically important, but may be involved in synergism between the binding of the two substrates or in a hinge movement required for the enzyme to become active. The AK structure (Fig. 2d) , in which the cysteine interacts with the nonreactive guanidinyl N 1 , suggests that, after all, it is likely to have at least an accessory role in catalysis and is consistent with the finding that CK is most active with the cysteine as a thiolate ion (54) . The cysteine, even if not essential, could enhance the catalytic activity by (i) further constraining the position of the substrate guanidinium, and (ii) drawing partial positive charge away from the reactive nucleophilic N 2 . It may accept a hydrogen bond from the substrate and may contribute to the observed pH activity profile (17) .
Substrate Specificity. Phosphagen kinases show broad diversity in the substrates for which the enzyme from particular species are specific. All substrates have guanidinium reactive groups, but they can be either amino acids (e.g., lombricine and arginine) or carboxylic acids (creatine and glycocyamine) and have a wide range of molecular masses: 117-271 Da. In AK, the carboxylate (common to all substrates) accepts three hydrogen bonds from the backbone amino groups of residues 63-5 (Fig.  2e) . Immediately preceding these interactions, at residue 61, there is a 5-amino acid insertion in the sequences of enzymes with the shorter substrates (42) . From the sequence alignments, it had been argued that the size of the insertion might control substrate specificity (42) . With the insertion point being close to the arginine carboxylate, the AK structure is consistent with the loop being one of the factors that might control specificity. It corresponds to a flexible loop identified in the Mi b CK structure (16) that likely only adopts the ordered conformation seen in the AK structure upon substrate binding. The AK structure suggests that this loop is key to the small domain movement (Fig. 1) . Therefore, specificity might be mediated not only in steric interactions, but through the ability of substrates only of appropriate length to bridge the active site and, through interactions at each end, initiate the conformational changes required for activity.
CONCLUSION
The structure of AK presented in this communication substantially advances our mechanistic understanding of a reaction central to cellular energy transactions. It has also provided FIG. 3 . Roles of neighboring amino acids in the catalytic mechanism of AK: (a) the forward reaction and (b) the reverse reaction. In this schematic representation, only the reactive groups of participants are shown. ‫,ء‬ The structure does not indicate whether it is Glu-225 or Glu-314 that acts as the proposed acid͞base catalyst.
an opportunity to examine a bimolecular transition-state analog system that satisfied three criteria that have been difficult to meet simultaneously in the past: (i) that changes made to block reactivity have minimal impact on the structure, (ii) that there be no additional constraints upon molecular positions than present during the reaction; and (iii) that the structure determination be of sufficient precision. The results of this study are fully consistent with the proposals that restraining the freedom of the reactants (2) and steering the substrates so that their orbitals are within 5 or 10°of the optimal trajectories (3, 4) would be used to achieve catalysis in bimolecular enzyme reactions.
The roles of active-site residues in the catalytic mechanism are summarized in Fig. 3 . In addition to the steering and positioning effects, roles seen in the more thoroughly studied, unimolecular systems are also seen in this bimolecular system: effecting transfer of partial charge, strain toward the transition state, and acid-base catalysis. It appears that all possible enhancements of catalysis are employed. In judging their relative importance, it is noteworthy that carboxylates have been selected by evolution at positions where catalytic bases are required, presumably because precise positioning of substrates claimed precedence over optimization of the proposed role of the carboxylates in acid-base catalysis.
